Bindin, a major protein of the sea urchin acrosome granule, mediates the species-specific adhesion and binding of sperm to egg required to effect fertilization. We report the isolation and sequence of bindin cDNA clones prepared from Strongylocentrotus purpuratus testis RNA. The bindin gene appears to be productively expressed only in males and only in testes. The protein is produced from a 51-kDa precursor, which is subsequently processed to yield the mature 24-kDa bindin protein.
Fertilization in echinoderms occurs by a multistep, speciesspecific process, in which each step may serve as a barrier to gene flow across species lines. The initial physiological event as the sperm approaches the egg is the acrosome reaction, which is induced by the fucose sulfate ofthe eggjelly coat and is mediated by sperm membrane receptors (1) (2) (3) . This reaction results in exocytosis of the acrosomal granule and the extrusion of the acrosome process. The sperm binds to the egg vitelline layer by means of the acrosome process, and the plasma membranes of the sperm and egg then fuse. In some interspecific combinations heterologous egg jelly does not induce the sperm acrosome reaction, while in others heterospecific acrosome reactions occur, but even when this is observed, fusion of heterospecific sperm and egg membranes fails to take place (4-6). Vacquier and associates (7) (8) (9) (10) demonstrated that the major protein of the acrosome granule, which they named bindin, is the molecular species responsible for the recognition reaction by which the acrosome process is bound to a glycoprotein receptor embedded in the vitelline membrane of the egg. Partial purification and characterization of the sperm receptor glycoprotein have been reported (10) (11) (12) . On activation of the sperm, bindin is exposed by the eversion of the acrosome granule. Bindin molecules coat the external surface of the acrosomal process and have been detected in the electron microscope by immunocytological methods at the exact site of the spermegg bond (7) . Bindin has been purified and characterized chemically, as reviewed by Vacquier (10) . It contains no detectable carbohydrate, and a partial amino acid sequence has been derived (10) .
We report here the isolation of bindin cDNA clones and the complete sequence of the derived protein. This showed unexpectedly that bindin is synthesized from a much larger precursor. Bindin is among the few known proteins of nonimmunogenic origin, the sequence of which specifies a developmentally important interaction between different cell types. Comparison with a homologous fragment of bindin sequence available from another sea urchin species of the same genus shows a remarkable degree of divergence that may be of both current and evolutionary significance in preventing interspecific gene flow.
MATERIALS AND METHODS
Construction of cDNA Library. Double-stranded cDNA was synthesized by the RNase H procedure of Watson and Jackson (13) . Linker ligation, size selection of cDNA, and subsequent procedures are as described by Huynh et al. (14) . About 40,000 recombinant clones were recovered, the average insert length of which was about 1200 nucleotides (nt).
Genome (17, 18) . The fragments marked with asterisks were generated by controlled deletion with exonuclease III (19) . The EcoRI sites at the ends of the cDNA derive from the EcoRI linkers used to construct the cDNA library. This clone was selected from the testis cDNA library by screening with a 17-nt probe mixture (see text and B). The probe DNA was labeled by the kinase reaction to a specific activity of 3 x 108 cpm/Ag and hybridized with filters bearing "plaque lifts" in an aqueous medium at 420C. (B) Nucleotide sequence of bindin cDNA and predicted amino acid sequence of the bindin precursor. Nucleotides are numbered from the 5' terminus. The amino acid sequence derived from the nucleotide sequence is numbered from the first methionine of the prebindin polypeptide. Some regions of the mature bindin protein sequence have been determined (10) . Dashes indicate residues that are identical with the predicted amino acid sequence, while the italicized residues differ from the predicted protein sequence. The underlined N-terminal domain is a hydrophobic region that displays the characteristics of a leader sequence. Arrows indicate basic amino acids that are potential cleavage sites for trypsin-like enzymes. The oligonucleotides utilized for the primer extension experiment and for the isolation of this clone were derived from the regions of sequence indicated by overlines [1] and [2] , respectively. rate. A synthetic 17-nt probe mixture including all possible sequences predicted by a known region of the bindin protein sequence was used to screen the testis library (see Fig. 1 electrophoretically on a sequencing gel (data not shown). These experiments indicated that the 5' terminus of the mRNA is 50 nt beyond the 5' terminus of the cDNA clone.
The initial ATG codon occurring in the sequence shown in Fig. 1B Fig. 1B (10) . In all four blocks of mature bindin amino acid sequence, 70, 80, 6, and 12 amino acids in length were available to us (10), and Fig. 1B demonstrates that these can be aligned with the derived amino acid sequence of the cDNA clone with 97% fidelity. The genome blot experiments reproduced in Fig. 2 show that the bindin gene is present in only one copy per haploid genome. Thus the sequenced cDNA clone could not derive from a closely related gene, but must indeed represent the true bindin message. Since the N-terminal 235-amino acid polypeptide is not present in the mature protein, these observations indicate that bindin is initially synthesized as a precursor polypeptide over twice the length of the mature acrosome protein. This polypeptide begins with a characteristic leader sequence (underlined in Fig. 1B ) that includes many hydrophobic amino acids (21) . Four basic amino acids that occur at the junction between the 245-amino acid N-terminal polypeptide and the mature bindin protein constitute typical cleavage sites for trypsin-like protein processing enzymes (22) . These amino acids are marked by arrows in Fig. 1B (amino acids 242-245 ). Several additional basic amino acid pairs occur in the probindin polypeptide. Although there is no evidence on this point, these sites could also serve as protease cleavage sites. The amino acid compositions of the propolypeptide and the mature bindin protein differ in several respects. As shown in Fig. 3 , 34% of the probindin polypeptide residues are hydrophilic, compared to 14% for the mature bindin. Furthermore, all of the cysteine residues are located in the propolypeptide, which suggests the possibility of an internally cross-linked, compacted structure for this region. The mature bindin, on the other hand, is relatively rich in glycine and proline (particularly in the regions between amino acid 274 to 299 and 392 to the C terminus), a characteristic of rigid structural protein domains. Two hydrophobic regions (indicated under the brackets in Fig. 3A) , which are shorter than the typical transmembrane domain, might serve as sites for interaction with other hydrophobic sequences. The molecular sizes calculated from the deduced protein sequences are 51 kDa for the total prebindin molecule and 24 kDa for the mature bindin protein.
The conclusion that bindin is derived by processing from a much larger precursor is supported by the immunoprecipitation experiment shown in Fig. 4 . An anti-bindin antibody generously provided by V. Vacquier was reacted with the in vitro translation products of testis poly(A)+ mRNA, and displayed by NaDodSO4 gel electrophoresis. As expected from the sequences shown in Fig. 1 , the polypeptide that reacts with the anti-bindin antibody in lane D has an apparent molecular size over twice that of the mature bindin protein (see legend to Fig. 4 ).
Developmental Expression of the Bindin Gene. As an initial enquiry into the specificity of expression of the bindin gene, we carried out a search for bindin mRNA in various male and female sea urchin tissues. Total RNA was extracted from testis, 40 -hr gastrula stage embryos, and adult sea urchin tube feet; and poly(A)+ RNAs were prepared from testis, eggs, ovaries, adult sea urchin coelomocytes, lantern tissue, and intestine. The RNAs were hybridized on RNA gel blot with bindin cDNA probes (data not shown). To control the condition of the extracted RNAs, intact actin mRNAs were demonstrated in all of the preparations, as reported (26) . Fig. 1B) . This is probably due to anomalous migration of this protein in NaDodSO4/polyacrylamide gels, relative to standards. Thus the mature bindin protein was reported to migrate in gels as a 30.5-kDa protein (10) While the testis RNAs contained copious amounts of bindin mRNA, no reactions could be detected with any of the other RNA preparations even after long exposures.
DISCUSSION
The bindin gene is interesting from physiological, regulatory, and evolutionary vantage points. An unexpected aspect of these observations that pertains to the physiological function of the proteins coded by the bindin message is the presence of the 245-amino acid probindin N-terminal polypeptide. During spermatogenesis this polypeptide is evidently cleaved from the mature 236-amino acid bindin moiety. The acrosome granule is initially derived from the Golgi complex (1) . Thus prebindin may be synthesized in the rough endoplasmic reticulum of the spermatocyte, transported to the Golgi complex, and later incorporated in the membrane-bound acrosome granule (27, 28) . Precedents in which mature proteins are initially synthesized as significantly larger precursors and are subsequently processed include certain cellular, viral, hormonal, and neuronal peptides (e.g., refs. [29] [30] [31] [32] . Among the functions proposed for such precursor regions are that they might facilitate transport of the protein to its ultimate intracellular destination (29) , that they might be needed to ensure correct structural conformation (30, 31) , and that they are required for storage of the protein as an inactive form (32) . An interesting analogy to the bindin case might be provided by the glycine-and proline-rich structural protein collagen. This protein is initially synthesized as a soluble procollagen precursor, in which the cysteines of the propeptide form interchain disulfide bonds, the function of which is to stabilize the triple helical body of the protein (30) . On the other hand, it is also possible that the N-terminal prebindin polypeptide has an independent function of its own. Though bindin is indeed the major protein of the isolated acrosome granule (7), other components may have been leached out during the isolation procedure. Several studies have indicated that on exocytosis the acrosome granule releases various enzymes (33) (34) (35) , and at present it cannot be excluded that the N-terminal bindin polypeptide has this or some other functional acrosomal activity that is also required for fertilization.
We found the bindin gene to be productively expressed only in testis among the tissues studied, and hence it would appear that is is utilized only in males. These qualitative experiments show that bindin mRNA is not present in female gonads or in eggs. This is in contrast to the pattern of expression of the gene for the sea urchin egg yolk protein vitellogenin. Shyu et al. (36) showed that in sea urchins vitellogenin is produced both in testes and in ovaries, as well as in intestine cells of both sexes. The observations reported here confirm that sexual determination in sea urchins does indeed involve differential expression of genes in male and female gonads, and they provide a specific molecular marker useful for further studies ofthis aspect of developmental gene regulation. Other evidence (37) (38) (39) demonstrates that there are also H1 and H2B histone genes that are expressed specifically in testis, the products of which are found only in sperm nuclei. Thus there is evidently a battery of malespecific genes that are activated during the differentiation of the sperm and are otherwise quiescent.
Change in the primary sequence of essential coding elements of the bindin gene could have played a crucial role in the evolutionary processes leading to speciation. Thus preference in the bindin-bindin-receptor interaction within a population isolate would lead directly to isolation of its gene pool. In contemporary sea urchins this interaction indeed apparently functions as a barrier to gene flow between species such as S. purpuratus and Strongylocentrotus franciscanus. Viable hybrid embryos can be formed between (46) . The bracket indicates the 10-amino acid motif that is repeated in the Sf sequence. Amino acids that were not determined are marked with an asterisk. these species (40) (41) (42) , and rare naturally occurring adult hybrids of these species have been reported (43) . Thus the interspecific fertilization barrier rather than developmental incompatibility is probably a limiting factor in preserving the genetic separateness of these species. S. purpuratus sperm bindin fails to react with the receptor on S. franciscanus eggs and vice versa (6, 8, 10) . The bindin proteins of these species are of the same molecular weight, and the sequence of the initial 73 amino acids of the mature S.franciscanus bindin has been obtained (46) . A comparison between this sequence and that of the corresponding region of the S. purpuratus bindin is shown in Fig. 5 . For the first 40 residues of the mature protein, the amino acid sequences are 80% homologous. However, between residues 31 and 59, the S. franciscanus sequence consists of three imperfect tandem repeats of a 10-amino acid sequence element, only the first of which is present in the S. purpuratus bindin at this location. Elsewhere in the S. purpuratus bindin molecule, sequences homologous to the first 5 amino acids of this repeat occur in eight additional locations. The repetition of this sequence motif might suggest that it is functionally important, and the differing organization of the same or similar repeats in the bindin molecules of the two species could contribute to the molecular basis for their different functional recognition specificities. The extent and nature of the distinctions in the primary sequences of the two proteins will be clarified when the S. franciscanus bindin gene is cloned and fully sequenced. The development of methods for inserting genes into the sea urchin genome (reviewed in ref. 44 ) provides the means to obtain more exact knowledge of the functional molecular changes that during evolution resulted in the genetic isolation of the populations ancestral to these two species.
